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Abstract: The development of critical scientific literacy in primary and secondary school classrooms (AAAS, 1993) requires authentic inquiry (NRC, 2000) with a basis in the real world.  Pairing scientists with educators and employing informatics and visualization tools are two successful ways to achieve this. This paper is based on rich data collected over eight years from middle and high school chemistry, physics, biology, vocational, social studies, engineering, mathematics, computer science, and environmental studies classrooms across Illinois. Situated, longitudinal, external evaluation reveals strategies for successful—and significant—technology integration with demonstrable impact on science learners. Conclusions from the data are:  (1) Collaboration within teams composed of graduate students and faculty from the university and cooperating schools influences the degree of sustainable and transformative change in the classroom; (2) When teachers, scientists, and students feel supported by their institutions, meaningful inquiry occurs; (3) Technologies have long-term impact when they are utilized for authentic problem solving, creating engaging experiences for both students and teachers; (4) Sustainability and scalability can be achieved at and between institutions where teaming, tools, and inquiry are allowed to develop. This research was conducted as part of the National Science Foundation (NSF) Graduate Teaching Fellows in K-12 Education (GK-12) Program at the University of Illinois, Urbana-Champaign (http://gk12-uiuc.net (​http:​/​​/​gk12-uiuc.net​); Jakobsson & Braatz, 2000; Bievenue, 2005).


Learning takes place everywhere, not only in the classroom, but also in the many informal settings outside of school. Moreover, new modes of learning are not only possible with, but necessary for the development of new media. In Dewey’s Dream, Benson, Harkavy, and Puckett (2007) propose that the key to enabling  and enhancing holistic education is collaboration across sites for learning; connections among schools, universities, libraries, museums, research centers, community-based organizations, and businesses. They suggest such collaboration is enriching for all parties involved, and perhaps necessary for the continuing relevance of universities in this century.
The kind of collaborative inquiry that takes place when communities learn together is illustrated in the expression, “the community is the curriculum” (Bruce, 2008). This phrase suggests that learning grows not only from fixed curricula and textbooks, but from engagement with challenging projects, encounters with others of different backgrounds and perspectives, and integration across disciplines, time, and setting.
Extensive studies by the Carnegie Foundation for the Advancement of Teaching in the 1990s, revealed the need for a way to 

connec[t] the rich resources of the university to our most pressing social, civic, and ethical problems…[Through such connection] campuses would be viewed by both students and professors not as isolated islands, but as staging ground for action. At a deeper level…not just more programs, but a larger purpose, a larger sense of mission, a larger charity of direction in the nation’s life (E. L. Boyer, 1997, p. 92).

The recognition of the need for a more connected form of learning in both schools and universities has continued through the Foundation, the Association of American Colleges and Universities, and the National Science Foundation. Huber, et al. (2007) call it “integrative learning.” They find that

[f]ostering students’ abilities to integrate learning—across courses, over time, and between campus and community life—is one of the most important goals and challenges of higher education…an emphasis on integrative learning can help [students] put the pieces together and develop habits of mind that prepare them to make informed judgments in the conduct of personal, professional, and civic life. 

This paper describes a longitudinal study of a major program entailing just such an integration of learning across K​12 schools; academic departments in the sciences, technology, engineering, and mathematics (STEM) disciplines; educational research; a technology research center; and a variety of community-based organizations.


Context:  The GK-12 Program
The National Science Foundation Graduate Teaching Fellows in K-12 Education (GK-12) Program supports teaching fellowships for graduate students in the sciences, technology, engineering, and mathematics disciplines. The GK-12 Program is a collaboration between academic departments at the University of Illinois, the National Center for Supercomputing Applications, and participating schools across the state of Illinois (http://gk12-uiuc.net (​http:​/​​/​gk12-uiuc.net​)). After an eight-year run, the program has become a model in the country. The GK-12 Program consisted of graduate students (G), or Fellows, collaborating with STEM and education faculty and participating K-12 teachers to integrate the use of computer-based modeling and scientific visualization in science and mathematics education, hence the name GK-12. Responsibilities of the Fellows included active participation in classrooms, offering assistance to the collaborating teachers, co-teaching courses with these teachers, and acting as resident “subject experts.” Responsibilities of the faculty included mentoring the graduate students and the participating teachers. 
The goals of the GK-12 Program at UIUC (Jakobsson & Braatz, 2000; Raineri and Bievenue, 2005):
	Develop sustainable partnerships among STEM faculty, education faculty, and school districts through the participation of graduate students with math, social science, and science domain expertise.
	Provide professional development opportunities for participating teachers and education faculty related to computer-based modeling, scientific visualization, and informatics.
	Provide professional growth opportunities for aspiring scientists, mathematicians, and engineers, especially encouraging them to concern themselves with education at all levels.
	Integrate computer-based modeling, scientific visualization, and informatics in K-12 classrooms.

     The GK-12 Program teams were each comprised of a graduate Fellow, a K-12 teacher (or teacher team), and a senior faculty university mentor. The graduate Fellows, who served as scientists-in-training, and their collaborating teachers made the core of each GK-12 Program team. 
As Jacobson and Braatz (2000) noted when originally proposing the UIUC GK-12:
Just as teachers would not think about teaching biology without a microscope or chemistry without test tubes, increasingly teams of scientists do not think about doing science without computer-based modeling and/or computerized analysis of large databases. The computer has become a basic tool of science. Whether investigating sea surface temperature patterns, considering the chemical structure of promising pharmaceuticals, or studying stress patterns in buildings, scientists rely on modeling and visualization software as the most effective way to process large amounts of information and complex relationships. Modern science and engineering have become increasingly reliant upon these computational and visualization techniques in all areas of research, development and design. Indeed, one can hardly imagine a large-scale engineering or scientific project that will not call upon many aspects of the mathematical and computational sciences. 





A key focus of the project was understanding the learning and teaching context of each of the classrooms in which Fellows served. At the Illinois sites, a mixed-methods approach to data collection was used. The UIUC team’s methodological approach was informed by the NSF’s “2002 User-Friendly Handbook for Project Evaluation” (NSF, 1997, 2002). Understanding the unique environments of each site, and documenting the contexts in which the Fellow/teacher teams operated was vital. For the four to six sites that were utilized year after year, the UIUC team used a qualitative, situated approach. Unobtrusive observation, casual conversation, department meetings, photography, unstructured interviews, and limited video captured the culture where the fellow/teacher teams worked. 





Based upon the data thus far, we have seen certain themes emerge across research sites:  (1) The role and value of embedded, formative assessment (as well as the reframing of the teacher’s role toward that of “research practitioner”); (2) the value of collaborative teaming; (3) the importance of community building and extending communities of practice; (4) the benefits of meaningful technology integration; and (5) facilitation of inquiry- and problem-based learning. The meaningful integration of technology was key at each site, and differed in each K-12 environment.  
Underlying these themes is the fundamental fact that the teaching-learning cultures at both the higher education and K-12 levels were learner-centered (Harnisch, 2009). This, we believe, was necessary for a measure of success to be achieved. The Fellow as graduate student-scientist, the teacher in her professional development, and the students in their own individual mastery of concepts and content had to retain a focus on the learning experience and then share those experiences with their communities of practice.
According to EDUCAUSE, the five top challenges to successfully implementing technology in the classroom in 2009 mirror those we have discovered within the GK-12 Program:  (1) creating learning environments that are engaging, promote critical thinking, are collaborative, and create knowledge; (2) promoting multi-literacies (defined as information, digital, and visual); (3) reaching the learner; (4) encouraging faculty to experiment with information technologies; and (5) innovating with technologies even in difficult economic times (EDUCAUSE, 2009).  
When considering these articulated challenges, we within GK-12 have asked ourselves “How, why, and what?” “How did a teacher and a Fellow develop collaborative teaming for their own professional growth and model such skills to their students?” “Why were they able to inspire their students to pose and to solve problems?” “What conditions were, or are, in place within specific school cultures that allowed for collaborative inquiry and meaningful technology integration?” We tease apart and suggest answers that are locally realized, and identify which elements appear again and again in teaching and learning environments that inspire.
According to the American Association for the Advancement of Science benchmarks of scientific literacy (1993) and the Center for Science, Mathematics, and Engineering Education at the National Research Council, inquiry-based learning provides a framework in which both abilities and understandings in the sciences can be achieved (National Research Council, 2000). Therefore, the identification of which elements best supported inquiry-and problem-based learning at GK-12 sites is relevant to the rest of today’s education community. Our data indicate that the greater the communication, the more supported a teacher feels in her classroom; and the more collaborative the Fellow-teacher team, the more likely inquiry- and/or problem-based learning is employed. Thus, in a supportive, collaborative, and communicative environment, individual inquiry is extended to collaborative or community inquiry (Bruce, 2008).


Reflections: the Power of Narrative and STEM 

Within the GK-12 methodology, was the underlying understanding—grounded both in recent cognitive science (e.g., Haven, 2007) and earlier learning theory (Dewey, 1938)—that we construct meaning by reflecting on our lived experience. In the context of the GK-12 Program, we specifically asked Fellows to keep reflection logs, asking them to “tell us the story” of a standout moment or a typical day in the classroom. In unstructured interviews we asked teachers to “simply chat” about their classroom experiences. In those conversations, tales were told of technical failures and administration woes, profound student discoveries and inspiring classes. We also learned that Fellows and teachers were asking students to put in their own words what they thought they were learning in the classroom. 





“I am most often asked, ‘What does this really mean?’ and I proceed to answer this question by prompting [the high school] students to use their own knowledge of chemistry in an effort to break apart problems and piece them together.”

“These students seem to have a deeper and more sophisticated grasp of biology than we did in high school. [I was partnered with] an excellent teacher, and I wonder if visualization also makes it possible for them to understand.” 
	
“The students seem to be responding very positively to my presence in the classroom. I receive questions about my research at the University of Illinois almost every time I'm at [the school], and I feel inspired by their inquisitiveness and desire for scientific understanding.”

“I like the fact that the teachers are so open to new technology. [They are] very warm and welcoming [to] students. [I] love to do visualization work.”

In the above samples, we see patterns of principle-based teaching and learning practices: focus on the students’ meaning-making; building on students’ content knowledge; a desire to humbly partner with teachers, recognizing their expertise as education professionals; willingness to be inspired by students’ curiosity; and the ability to pose new questions regarding more advanced technologies used in new environments (e.g., bioinformatics databases, modeling software such as Stella, designing customized visualizations using Java applets for a chemistry classroom [Camasta, et al. 2006]). 


Sample: High School Student Reflections

“The technology has greatly helped me understand the concepts, especially in science. Because technology helps create a visual image of the material, I learn much quicker with the help of technology.”

“I have become much better and faster at finding things online, and a background knowledge of computers has helped extensively in this class. I have also learned how to create a web site and operate machines such as the DNA fingerprinting machine.”

“The teachers who use technology have a lot more visuals than the teachers who don't. Also, their classes are a lot more interesting because there is more hands on work.”

“It is interesting to see someone who is able to explore things that no one really has before. He [the Fellow] also helped to show how science relates to real life situations.”






“We definitely introduced some new instructional technology into the classroom. While we did that, I think we inspired a grad student towards the education profession. He learned how to reach the minds of kids…New experiences, technology, information…could not enter the classroom without [this] partnership…I have been motivated to learn how to use new technology and about new scientific research.”     

“It helps teachers increase their use of technology in the classroom by providing a graduate student to come in and help the teacher in the curriculum development and instruction. That a [graduate] student would help come up with new ways to introduce students to the subject matter and increase their understanding and use of technology [was most valuable].”

“The project was multi-faceted with work on VMD, student constructed 3-D models, and PowerPoint presentation(s). I and my students have profited greatly from exposure to other software applications - such as VMD. Students know they are using tools that real scientists use…Expert teachers paired with passionate scientists passing the torch onto the students - doesn't get much better!”

Teachers most valued the introduction and use of technologies beyond simple Office products or social software applications (often referred to as “Web 2.0”). These innovations enhanced students’ specific understanding of particular disciplines; from biology to physics, chemistry to environmental science. The Fellows’ use of technological tools in their own research and teaching posed interesting new problems to be solved (e.g., addressing practical questions of how to describe these tools and provide instruction to non-scientists in non-lab environments). This is where the Fellows’ abilities to partner with and listen to the expert knowledge of teachers and students became necessary. Collaborative community was often built around the problem solving required to use new tools and technologies. Essentially, it became less about the technology itself and more about the critical and engaged inquiries that evolved from their introduction in the context of the scientific discipline. 


Immediate Effects of GK-12

When assessing the effects of GK-12 on Fellows, students, and teachers, it is important that we gauge the way in which we interpret their responses. Key to the longitudinal analysis of program participants are the embedded and formative assessment tools used throughout the UIUC GK-12 Evaluation. Adopting a critique of  exactly what “assessment” means at the local, classroom level is necessary. In our assessment the learners take center stage, adapting the curricular experience and expressing it in their own words. 
Through this type of analysis, we see the importance of reflection for the purpose of development,. We have also focused on reframing the Fellows’ views of their positions within the classroom from that of “practitioner” to that of “action researcher”. We look for the same changed perspective in the middle and high school teachers who have been a part of GK-12. We have evidence of sustained change in how one K-12 teacher engages in her classroom, now viewing the classroom itself as a lab (Gabric et al., 2006). In another classroom, a teacher develops sustained and serious research questions based on experiences within GK-12. This instructor is currently beginning her doctoral dissertation in science education at the Illinois Institute of Technology.  
We also see sustainable communities of practice in schools in which the teachers have been supported in their self-identified areas of professional development. These teachers had already been identified as potential “teacher leaders” within their schools, and were given autonomy to respond creatively to the opportunities the Fellows and the GK-12 Program presented in terms of advanced technologies and curriculum adaptations. As they grow as instuctors, they continue to meet the National Educational Technology Standards and the National Science Education Standards. 
Our data confirm that “scientific thinking” extends beyond the scientist or science teacher, and can be inspired and matured in the social sciences and across disciplines. The use of technologies need not be limited to the honors classroom or college preparatory program of a well-supported school district. Students and teachers of all kinds benefit from the types of problem solving posed by use of technological tools; a finding that is widely applicable. Through GK-12 we have learned that successful integration of meaningful technologies and collaborative teaching models are fundamental to how student-learners perceive science. These findings may extend to other curricular areas as well.
In light of current findings, we go forward with the following questions:
	What is the long-term impact of GK-12 on secondary and university students, on teachers and university faculty, and on the schools and university as institutions?
	Can the scale of the experimental program be extended to larger groups and beyond the set of highly motivated, qualified participants?
	How well can the insights gained from GK-12 be extended to other uses of technology in learning settings?
The foundation for sustainability of meaningful technology integration clearly rests on identifying—through reflective practice and experimentation—conditions within the teaching and learning culture that promote and support the individual creativity of the learner: be it the teacher, the student, or visiting scientist-Fellow. In essence, each is teacher and learner. Each is an essential part of the community narrative.


Reflections II: The Power of Team

The various collaborative teaching and learning teams that were formed within the GK-12 Program not only provided space for the sharing of ideas, but also fostered communal and mutual learning and teaching among educators and students. Outside of a classroom setting Fellows met with their peers to discuss their experiences and reflect on their learning. In this space, they shared their frustrations, insights, suggestions, and perspectives. It was a place where natural leaders emerged and discouraged Fellows could be motivated, as well as one that invited narrative reflection through storytelling and explanation.
Fellows were also given the opportunity to partner with senior faculty mentors from the University. These mentors shared with the Fellows their personal and professional experiences and insights. This wisdom informed the way that Fellows interacted with the teachers and students in their respective classrooms, as well as the way in which they viewed themselves as both learners and educators. 
Alongside partnering each Fellow with a university mentor, GK-12 also teamed each Fellow with a middle or high school teacher. Influenced in part by the Fellow-mentor relationship, the Fellow-teacher relationship was  key to the GK-12 Program. It was in this relationship that Fellows learned to be both teacher and student, as they discovered how to share their specific fields of expertise in a way that was accessible and engaging. Fellows gained instruction from teachers regarding how to interact with a group of younger students, as well as an appreciation for educational philosophy, technique, and implementation. For some, (such as the Fellow mentioned in the Reflections III portion of this report), the teaching experience sparked a passion for education. Several Fellows went on to pursue careers in secondary education as a result of their participation in GK-12. Others pursued additional education in curriculum and educational development. For these Fellows in particular, the Fellow-teacher relationship was pivotal to their personal development. For all Fellows the relationship was instructional in teaching the importance of cross-discipline communication and connection.
In exchange for what they learned and gained as educators, Fellows shared with teachers new ways to experience and understand a particular field of study. They introduced advanced technologies and informed teachers and students concerning their primary disciplines and areas of research. The results were incredible. Teachers gained confidence in their understanding of the subject matter and use of new tools. They learned new ways of teaching, gained new knowledge in the field, and grew themselves by watching Fellows interact with the students in their classrooms. Teachers who participated in the program are changing their methods of teaching, seeking to become more current and advanced in the way that they instruct. One principal remarked that having the GK-12 Fellows come into the school system was the best professional development tool possible. He further remarked on the importance of the relationship the school developed with the University, and the incredible value of the connections that have been made.
Collaborative teams have changed the way that Fellows, educators, students, and administrators view the relationship between UIUC and local middle and high schools. The personal relationships between specific Fellows and their cooperating teachers have grown into an established understanding among educational institutions. GK-12 is not just about hands-on experience or scientific promotion, but about creating a community of cooperating parties who share their expertise and learn from one another.


Reflections III: From an Administrative Standpoint

In addition to the firsthand recounts and reflections of program participants, there are also the opinions and perceptions of GK-12’s principal investigator (PI) and program administrators to take into consideration. In an administrative interview concerning the transformative impact of GK-12, the group shared their observations. The PI commented on one Fellow in particular for whom GK-12 was an eye-opening and life-changing experience:  “I saw…somebody who came in thinking ‘you know, this is a good fellowship, good experience, I can put this on my CV and I’ll do a good job here,’ but suddenly went, ‘Wow, this is really cool. I love this.’” As the student became more involved, the program allowed for the realization of new skills, and the development of a passion for educating and impacting others. The Fellow’s leadership skills were first noticed when he began directing conversations and leading discussions among peers in his collaborative team of Fellows. His passion for sharing, discussing, and conveying ideas and insights was further noticed in the classroom setting and in his relationships with young students. For this Fellow, collaborative work with the teacher team was essential. His support teacher encouraged him as he discovered a passion for education, enabling him to develop his interests and explore new ideas and opportunities. 
Following his time in GK-12 the Fellow became a university instructor himself, working with graduate students, GK-12 Fellows who were in the same position he had been only a few years before. A project administrator affirmed the observations of the PI, noting that GK-12 allowed this Fellow-turned-instructor to grow in maturity and confidence, impact his community of practice, and inspire transformation in others. During his time in the program, the Fellow had discovered and formed a passion for education. He developed a vision for the future of GK-12 and the relationships between Fellows, teachers, schools, and students. Within the graduate classroom he was adamant about the importance of understanding the way that education works. He communicated this to his students (Fellows) who then went into classrooms and saw for themselves what it meant to effectively share their expertise and engage young learners. Leaders with the kind of passion exhibited by this former GK-12 Fellow are vital to the program and to moving the idea that connections between the science and education communities must be made.
The PI was also pleased to see the positive results of the collaborative teaching and learning teams. On the peer level, she saw Fellows encourage, observe, and learn from one another. An administrator remarked on the fact that these science-minded individuals have become more reflective and communicative. They discussed the challenges of working in a classroom and shared new insights concerning education and the implementation of tools and technologies. Though they came from different fields of study and worked in diverse local classrooms, they were able to relate with one another concerning their experiences as scientists in new roles as educators.
The administration also commented on the extent to which Fellows learned from their support teachers. Over the course of the year, Fellows discovered how to engage a non-scientific community in interactive science and communicate to middle and high school students the research of a scientific expert. They gained valuable educational instruction and encouragement from their support teachers. In return, they shared with teachers new research and tools that can be used to communicate and explain concepts and findings. This mutually beneficial sharing of ideas and resources; blending of education, teaching, and research; and partnership of instructor, student, and learner is what the administration had hoped to facilitate when GK-12 began. 
Collaborative relationships resulted in personal and institutional ties and relationships, even as they promoted educational growth. Administrators commented that an exceptional program, like GK-12, is one that crosses communities. When researchers from the science community enter the classrooms of the education community it results in changed thinking and creates an understanding that both communities can learn and benefit from one another. 	


 Beyond GK-12 

The consequences of participation in GK-12 continue to come into play well after Fellows have finished the program. The GK-12 Alumni update (which can be found at http://gk12.web.cs.illinois.edu/ (​http:​/​​/​gk12.web.cs.illinois.edu​/​​)) focuses on the post-program experiences of former participants, providing some details regarding the residual effects of participation in GK-12. The update begins to address the questions that program directors and administrators long to have answered:  What has been the experience of scientist-Fellows after participation in GK-12? Did they continue to bridge the gap between science, technology, and the classroom? 
Following graduation from UIUC, scientist-Fellows have continued to learn, many in formal institutions. A large number pursued masters or doctoral degrees in science-related fields before beginning professional careers as researchers, educators, and scientists. Those currently employed as full-time researchers engage in scientific inquiry and discovery on a daily basis. It is the hope of GK-12 administrators that these former Fellows translate their undergraduate experience with collaborative learning in their current places of work. It is vital that they continue to educate one another and see the value of cooperative exploration and the importance of sharing their specific fields of expertise with a broader audience. 
Former Fellows have made good use of the inquiry-based learning and advanced technological tools they utilized in GK-12. A former student currently employed with Ford Motor Company, has not only continued in scientific research, but has acted on scientific inquiry and moved into innovation. Research in the area of alternative energy gave way to developing a simulation tool that assists in looking at decay in Li-ion batteries. His creation of advanced technologies will not only accelerate continued research, but will be useful in explaining new scientific findings to others. 
Other former Fellows pursued formal teaching in educational institutions. A number of them began by teaching undergraduate courses as masters and doctoral students. In these situations and settings they undoubtedly drew on the methods, techniques, and skills they learned as GK-12 Fellows. One past participant is currently teaching undergraduate courses and also serves as an undergraduate advisor. She is once again a part of multiple collaborative teaching teams, but now finds herself on the mentor-end of the faculty-student relationship. A former Fellow who is now conducting research in a university setting emphasizes computer-modeling for critical thinking, and has developed a modeling class suitable for undergraduate and graduate students. This class, one can assume, integrates advanced technologies, using them to promote better understanding of current knowledge and findings. Another former Fellow has taken a post-doctoral appointment in the Department of Geological Sciences and the Center for Research in College Science Teaching and Learning. In the latter position, he is, among other things, developing a novel, inquiry-focused approach to understanding specific geological and scientific concepts. Again, we have an example of a former student who notes the importance of educating; of not only gaining new information, but disseminating it among others.
 Several former GK-12 participants have pursued a career in secondary education, and now teach high school math and science courses similar to those in which they interacted as Fellows. As high school teachers, they are able to directly apply all they learned from their mentors, peers, and collaborating teachers during their time in GK-12. One completed a Masters in Curriculum and Instruction for Science Education before entering the high school classroom. Pursuing the degree enhanced her personal leadership development and equipped her to promote effective learning and engagement in the field of science. In the high school in which she currently teaches biology and Ecology she is not only a teacher, but also a collaborator and resource who fosters communities of collaborative teaching and learning. A continued interest in scientific, educational, and professional development benefits this teacher, her students, and the other instructors at her institution. A former Fellow working in drug discovery and biotechnology reports that he misses teaching experiences. As he conducts his research, he also looks for mentorship opportunities.
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